The unsaturated fatty acid auxotroph Escherichia coli AK7 supplied with linolenic acid, while appearing normal during logarithmic growth, showed a fast decline in CFU during starvation as a result of an osmotic downshift when transferred to standard agar plates unsupplemented with an osmolyte such as 300 mosM sucrose or salt (NaCl or KCI). The starved cells could recover their osmoresistance when an energy source was added to the starvation medium.
Bacteria have evolved mechanisms that allow them to maintain cell viability during starvation and resume growth rapidly when nutrients again become available (5, 11) . Many bacteria, among them Escherichia, Salmonella, and Vibrio spp., enter a starvation-induced program that results in a metabolically less active and more resistant state (1, 9, 12, 14) . In a previous report (8) , we showed that the sensitivity of Escherichia coli to nutrient depletion was altered by changing the unsaturated fatty acid incorporated into the membrane lipids. Cells of the unsaturated fatty acid auxotroph E. coli AK7 grown in medium supplemented with linolenic acid (referred to as linolenic cells) showed a fast decline in CFU during starvation at 37°C in 154 mM NaCl (8) . However, most of the CFU were recovered after the addition of glycerol (a carbon and energy source) to the starving-cell suspension. Since the CFU were counted on agar plates of minimal medium with glycerol as the sole carbon and energy source, an important question was raised. Why did the starved cells fail to grow on the plates with glycerol, if glycerol allowed the recovery of the starved cells when added to the starvation medium? Looking for an answer to this question, we performed the study reported here. The data show that the observed effect was related to the abnormal osmosensitivity that those cells developed under starvation.
The experimental protocol for growth and starvation was as follows. E. coli AK7 (8, 15) was grown at 37°C in M9 minimal medium (1 g of NH4Cl, 0.5 g of NaCl, 0.2 g of MgSO4 7H20, 3 g of KH2PO4, 6 g of Na2HPO4, each per liter) with 55 mM glycerol as the carbon and energy source, supplemented with linolenic acid (0.01%) and Brij 58 (0.04%), as described previously (8) . The cells (linolenic cells) were harvested at the middle of the exponential phase by centrifugation, washed twice, and resuspended in 154 mM NaCl at an optical density of 0.4 at 560 nm. This cell suspension was starved by incubation in a shaker at 37°C for 3 h.
The CFU were counted on either plates prepared with the minimal medium described above (supplemented with oleic acid instead of linolenic acid [ Decline and recovery of the CFU in the standard plates. After 3 h of starvation at 37°C in 154 mM NaCl, there was a marked decline in the ability of linolenic cells to grow and form colonies in the standard plates (Table 1) . However, most of the starved cells recovered their ability to grow on the standard plates after the addition of glycerol to the starvation medium (Table 1) , as reported previously (8) . The addition of glucose or succinate also led to recovery of the starved cells (data not shown). The starved cells did not recover their ability to grow in the standard plates when glycerol was added in the presence of the uncoupler 2,4-dinitrophenol ( Table 1 ), suggesting that the process of recovery required an energized membrane state dependent on the generation of a proton motive force by oxidation of the substrate. The recovery of starved cells was not mediated by glycerol-induced de novo protein synthesis, since it was unaffected by chloramphenicol (100 ,ug/ml) added 10 min before the substrate (Table 1) ; however, it was dependent on proteins synthesized during the starvation, as evidenced by the blockage of recovery when chloramphenicol was added at zero time during the starvation period (data not shown).
Effect of the osmolarity of the medium on the viability of the starved cells. As can be seen in Table 1 depended on the osmolarity of the medium. Supplementation with 300 mM sucrose increased the osmolarity of the standard plates from 235 to 540 mosM. Enteric bacteria other than Kiebsiella pneumoniae cannot utilize sucrose as a carbon source unless they harbor a plasmid encoding specific transport and hydrolyzing enzymes for the metabolism of this sugar (13) . E. coli AK7 was unable to grow on the sucrose-supplemented plates when glycerol was omitted. The protective effect of sucrose supplementation shown in Table 1 suggested that the incapacity of the starved cells for growth in the standard plates was due to a hypo-osmotic effect when they were transferred from the starvation medium (300 mosM) to the plates (235 mosM). To test whether a decrease in the osmolarity of the medium had a deleterious effect on the starved cells, we measured their oxygen uptake after they were transferred to liquid media with different osmotic strengths, since this parameter could reflect the cell capacity for utilizing (oxidizing) the substrate glycerol or glucose under the given conditions. The data are summarized in Table 2 . As can be seen, when the starved cells were resuspended in 300 mosM NaCl (osmolarity identical to that of the starvation medium), they retained their capacities for oxidizing glycerol and glucose and also their capacity for growth in the plates supplemented with sucrose. On the contrary, the starved cells lost their ability to oxidize glycerol or glucose after their transfer to media with lower osmolarities, such as 150 mosM NaCl or the saline minimal medium M9 (180 mosM). It is remarkable that transfer to the culture medium M9-glycerol (235 mosM) also led to impairment of the ability of the starved cells to utilize the substrates. However, the starved cells retained their ability to oxidize the substrates when transferred to the M9 medium supplemented with NaCl or sucrose (480 mosM), as shown in Table 2 . After the starved cells were transferred to M9-glycerol, they did not recover their ability to oxidize the substrates by the addition of salt or sucrose (data not shown) and they lost their capacity for growing in the plates supple- (480) + + ND ND a Linolenic cells were first starved in 154 mM NaCl (300 mosM) for 3 h and then spun down and resuspended in the indicated media.
b + or -, capacity or incapacity of each cell resuspension for oxidizing glycerol and glucose, as evaluated by polarographic determination of their oxygen uptake in the presence of these substrates at 37°C. ' Aliquots of the cell resuspensions were diluted, each into its own medium, and plated on either standard plates (P) or plates supplemented with sucrose (PS). Data are expressed as a percentage of the CFU at zero time during starvation.
d ND, not determined.
mented with sucrose ( Table 2 ), indicating that the hypoosmotic effect was irreversible.
Effect of the osmolarity of the medium on the recovery of starved cells by the addition of glycerol. When the starved cells were allowed to recover in the starvation medium by the addition of glycerol, they regained their resistance to a decrease in the osmolarity of the medium, as evidenced by (i) retention of their capacity for oxidizing glycerol and glucose after the transfer to M9 medium in an experiment similar to that in Table 2 , (ii) recovery of their ability to form colonies in the standard plates without supplementation with sucrose (Table 1) , and (iii) maintenance of their colonyforming ability when the osmolarity of the medium was decreased by dilution with water (Table 1) . On the contrary, the recovery of the starved cells did not occur when the addition of glycerol was simultaneous with a decrease in the osmotic strength of the medium, as shown in Table 1 .
Concluding remarks. The auxotroph E. coli AK7 supplied with linolenic acid, while appearing normal during logarithmic growth, showed a fast decline in CFU during starvation at 37°C in 154 mM NaCl (8) . The data reported here indicate that those starved cells became osmosensitive and lost their colony-forming ability as a result of an osmotic downshift when transferred to standard plates unsupplemented with an osmolyte. However, the starved cells recovered their osmoresistance after the addition of a carbon and energy source (glycerol, succinate, or glucose) to the starvation medium. This recovery was prevented by the uncoupler 2,4-dinitrophenol, suggesting that it required an energized membrane state dependent on the generation of a proton motive force. Note that, normally, carbon-starved E. coli cells are more resistant to osmotic challenges and other stresses than exponential-phase cells (2) (3) (4) 9) . The abnormal behavior of the starved linolenic cells might be related to a difficulty in metabolizing membrane lipids or in adjusting the fatty acid composition and fluidity of the cell envelope, since changes in these parameters during bacterial starvation have been reported previously (6, 7, 10) and could be relevant to survival in low-nutrient environments.
